CATD cannot complement cenh3-1. GFP-CENH3 from the sister species Arabidopsis arenosa functionally replaces A. thaliana CENH3. GFP-CENH3 from the close relative Brassica rapa was targeted to centromeres, but did not complement cenh3-1, indicating that kinetochore localization and centromere function can be uncoupled. We conclude that CENH3 function in Arabidopsis thaliana, an organism with large tandem repeat centromeres, has stringent requirements for functional complementation in mitosis.
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INTRODUCTION
Centromeres are essential for chromosome inheritance, because they nucleate kinetochores, the protein complexes on eukaryotic chromosomes that attach to spindle microtubules. Despite the essential requirement for centromeres in chromosome segregation, their DNA sequences and the sequences of kinetochore proteins are highly variable. Kinetochores in Saccharomyces cerevisiae and related budding yeasts assemble on small, unique centromere DNAs (125 bp in S. cerevisiae) (MERALDI et al. 2006) . Centromere DNAs in the fission yeast Schizosaccharomyces pombe are larger, consisting of a central core sequence of 4-5 kB which binds kinetochore proteins, flanked by large inverted repeats whose heterochromatic nature is important for centromere function (the total size of the S. pombe centromere DNA is 35-110 kB). At the other extreme from small yeast centromeres are holocentric organisms, such as Caenorhabditis elegans, in which kinetochore proteins bind along the entire length of mitotic chromosomes (DERNBURG 2001) . Most plants and animals have extremely large centromere DNA tracts consisting of megabases of simple tandem repeats. The repeat sequence evolves extremely rapidly, and only a small fraction of the repeat array is likely to be bound by kinetochore proteins. Furthermore, kinetochores can be nucleated by non-centromeric DNA sequences in plant and animal cells (AMOR and CHOO 2002; HEUN et al. 2006; NAGAKI et al. 2004; NASUDA et al. 2005; WADE et al. 2009 ). Despite these findings, the maintenance of massive centromere repeat arrays in both animal and plant taxa suggests that repeats are a central feature of centromere biology in these organisms.
Although centromere DNAs are extremely diverse, all eukaryote kinetochores contain the centromere-specific histone H3 variant CENH3 (originally described as CENP-A in human) (BLACK and BASSETT 2008; HENIKOFF and DALAL 2005) . CENH3 replaces conventional H3 specifically in a subset of centromere nucleosomes. It is essential for kinetochore function in all eukaryotes where this requirement has been tested. Conventional histones are among the most conserved proteins in eukaryote genomes. In contrast, CENH3 is rapidly evolving. The Cterminal histone-fold domain, which complexes with other histones to form the globular nucleosome core, can be aligned with conventional H3s but evolves rapidly and shows signatures of adaptive evolution in some residues (COOPER and HENIKOFF 2004; MALIK and HENIKOFF 2001; TALBERT et al. 2002) . The N-terminal tail domain of conventional histone H3 protrudes from the nucleosome core and is not resolved in the structure solved by X-ray crystallography (LUGER et al. 1997) . In CENH3, the tail domain evolves so rapidly that its sequence can barely be aligned between closely related species.
Experiments in yeast and in animals have delineated functionally important regions within CENH3. Saccharomyces cerevisiae kinetochores contain only a single CENH3/Cse4p nucleosome (FURUYAMA and BIGGINS 2007) . In S. cerevisiae Cse4p, amino acid residues required for normal function are distributed throughout the histone-fold domain (KEITH et al. 1999) . The N-terminal tail of Cse4p contains an essential region termed the END domain, but overexpression of a Cse4p lacking the tail altogether can rescue a cse4 deletion mutant (CHEN et al. 2000; MOREY et al. 2004) . In Drosophila melanogaster cells, CENH3/Cid from the distantly related D. bipectinata did not localize to kinetochores unless a specific region of the histone fold domain, loop 1, was swapped with the corresponding region from D. melanogaster CENH3/Cid (VERMAAK et al. 2002) . In human, the histone fold domain is important for centromere targeting (SULLIVAN et al. 1994) . The functionally important region within the histone-fold domain was further defined by inserting loop 1 and the α2 helix from CENH3/CENP-A (termed the CENP-A targeting domain, or CATD) into conventional H3 (BLACK et al. 2004) . H3 containing the CATD acquires several functions of CENP-A when expressed in human cells. It localizes to kinetochores, binds the kinetochore protein CENP-N, has a rigid secondary structure when assembled into nucleosomes, and can restore normal chromosome segregation in cells depleted for CENP-A using RNA interference (RNAi) (BLACK et al. 2007a; BLACK et al. 2004; BLACK et al. 2007b; CARROLL et al. 2009 ).
Despite these extensive studies, questions about structure-function relationships within CENH3 remain. CENH3 function may differ between small yeast centromeres and the large tandem repeat centromeres of animals and plants, particularly because larger centromere DNAs are likely to contain many more CENH3 nucleosomes and may require a higher level of organization. Experiments in Drosophila melanogaster and in human cells have used RNAi to down-regulate the endogenous protein, and a conditional knockout has been made in chicken DT-40 cells (BLACK et al. 2007b; BLOWER and KARPEN 2001; GOSHIMA et al. 2003; REGNIER et al. 2005) . These experiments are challenging because CENH3 is very stable. If preexisting CENH3 is partitioned equally between duplicated sister centromeres, its amount will be approximately halved at each cell division. Therefore the protein may persist for many cell divisions after induction of RNAi, as shown by Western blots indicating that about 10% of endogenous CENH3 remains in human cells subjected to two rounds of RNAi (BLACK et al. 2007b ).
We have chosen to study CENH3 in the model plant Arabidopsis thaliana, which combines facile genetics and transgenesis with centromere DNA structure that is similar to most plants and animals (megabases of tandem repeats with a repeating unit of 178 bp) (COPENHAVER et al. 1999; MURATA et al. 1994) . Although Drosophila and mouse CENH3 knockout mutants have been characterized (BLOWER et al. 2006; HOWMAN et al. 2000) , a large scale structure-function analysis of CENH3 has not been attempted in these organisms. A cenh3 null mutant in A. thaliana allows us to completely replace the endogenous protein with transgenic variants (RAVI and CHAN 2010) . Here we report four major conclusions regarding CENH3 function in A. 
MATERIALS AND METHODS

Plant materials
Plants were transformed by the Agrobacterium floral dip method using standard protocols.
Plants were grown under 16 hrs of light / 8 hours of dark at 20 degrees C.
Cloning of CENH3 transgenes
The CENH3 genomic fragment used to complement cenh3-1 was amplified by PCR and cloned into pCAMBIA1300 or pCAMBIA3300, using the endogenous HindIII site at nucleotide -1489 (relative to ATG = +1) and a BamHI site added to a PCR primer at nucleotide -2200.
To express CENH3 variants from the CENH3 promoter with an N-terminal GFP tag, we first constructed a cassette vector, CP93. This vector is based on pCAMBIA1300 and has an insert from EcoRI to HindIII that contains the following elements: the endogenous CENH3 promoter beginning at nucleotide -1489, a KpnI site, the GFP open reading frame without a STOP codon (FANG and SPECTOR 2005) , a hexaglycine linker, SalI and XbaI sites, and finally the CENH3 transcriptional terminator from the STOP codon until nucleotide 2200. The CENH3 coding region including introns was cloned into CP93 from SalI to XbaI to give GFP-CENH3. To express heterologous CENH3 variants from the CENH3 promoter with an N-terminal GFP tag, we cloned them from SalI to XbaI into CP93. Arabidopsis arenosa CENH3, Napa cabbage (Brassica rapa subspecies pekinensis) CENH3 and Saccharomyces cerevisiae CSE4 (which lacks introns) were PCR amplified from genomic DNA. Napa cabbage was purchased from the Davis farmer's market. Maize (Zea mays) CENH3, human CENP-A and Caenorhabditis elegans HCP-3 were PCR amplified from cDNA. Human cDNA was from HeLa cells.
DNA extraction and genotyping
Genomic DNA preparation and PCR genotyping were performed using standard methods. cenh3-1 was genotyped with dCAPS primers. In lines containing GFP-tagged transgenic proteins, we were able to distinguish the endogenous CENH3 gene from the transgene by placing one primer upstream of the ATG in the 5'UTR. To genotype endogenous CENH3 in lines containing an untagged CENH3 transgene, we first performed a PCR reaction with a primer outside the genomic DNA fragment present in the transgene. This PCR product was purified and then used as the substrate in a dCAPS genotyping reaction. Primer sequences are available on request.
Embryo analysis
Differential interference contrast microscopy of developing seeds was performed as described (AIDA et al. 1997) .
Fluorescence microscopy
Kinetochore localization of GFP-tagged proteins was assayed in floral tissues (anthers and petals) using a DeltaVision deconvolution microscope. Images were captured with a 60x oil immersion lens and exposure time of 0.5s. Z-stacks containing several cell layers with a step size of 0.2 uM were captured. For cell cycle localization of wild-type GFP-CENH3, deconvolved Zstacks were analyzed using a volume-rendering function in Imaris (Bitplane). For localization of heterologous CENH3s, raw images were scaled identically using SoftWoRx software (Applied Precision). Z-stacks were converted to 2-D projections in SoftWoRx and saved as TIF files to be processed using Adobe Photoshop and Illustrator.
Aneuploidy measurements
We assayed the fidelity of chromosome segregation by counting chromosomes in somatic anther cells. Chromosome spreads were prepared according to standard protocols. Centromere DNA was labeled by fluorescence in situ hybridization (FISH), using a fluorescein-labeled probe.
FISH analysis was performed as described (COMAI et al. 2003) .
S. cerevisiae genetics and cloning
We created a cse4Δ::kanMX4 deletion in a diploid of the SK1 strain using standard PCR-based transformation methods. CSE4 was cloned from -575 to 1059 (relative to ATG = +1) into the high copy 2µM plasmid YEp351, using the endogenous HindIII site at -575 and a BamHI site added to a PCR primer. We constructed cse4-tailswap and cse4Δ129 (MOREY et al. 2004) constructs using the endogenous CSE4 promoter (-575 to 0) by overlapping PCR, and cloned them into YEp351 from HindIII to BamHI. These plasmids were transformed into cse4Δ::kanMX4/CSE4 diploid strains, which were then sporulated. Tetrad dissection was used to determine whether cse4Δ::kanMX4 haploid cells containing plasmid-borne CSE4 variants were viable.
Sequence analysis
To calculate % identity between CENH3 proteins, we used BLAST to make pairwise alignments between A. thaliana CENH3 and proteins from other species. BLAST alignments were edited by hand. We used the shorter of the two protein sequences as the denominator. Multiple sequence alignment was done with ClustalW.
RESULTS
Isolation of a cenh3 null mutation from a tetraploid Arabidopsis thaliana population.
CENH3 in A. thaliana is encoded by the HTR12 gene (TALBERT et al. 2002) . We refer to the gene as CENH3 in accordance with the nomenclature used in other plant species and in several unicellular eukaryotes. Public databases did not list any T-DNA insertions within the CENH3 ORF, and a set of 22 point mutations in the gene created by TILLING did not contain an obvious null allele such as a premature STOP codon (7 created non-synonymous changes in exons) (http://www.arabidopsis.org). As CENH3 is an essential protein, we were concerned that a complete loss-of-function mutation might be lethal to both male and female gametophytes.
Therefore, we utilized a TILLING population created by mutagenizing tetraploid A. thaliana with ethylmethanesulfonate (Comai, Sundaresan et al, unpublished results). Gametophytes in tetraploid plants are diploid and therefore a gametophyte lethal mutation can be complemented by a wild-type gene.
cenh3-1 is a G to A transition at nucleotide 161 relative to ATG = +1, and changes the conserved splice acceptor sequence AG to AA in the second intron ( Figure 1A ). This mutation is predicted to disrupt normal splicing of CENH3. We performed RT-PCR from plants heterozygous for cenh3-1 using PCR primers that bracket the mutation. One predominant novel splice form was seen in cenh3-1 heterozygotes that was not observed in wild type (other splice variants may also exist, but were not obvious when the RT-PCR product was directly sequenced). In this cDNA, exon 1 splices incorrectly to nucleotide 140 in the middle of intron 2. Notably, nucleotides surrounding the cryptic splice site used in cenh3-1 are identical to that of the regular splice junction (TAGAT, where the fourth A in the sequence is the beginning of the exon). The incorrectly spliced cDNA is predicted to encode the first 18 amino acids of CENH3, followed by a frameshift and STOP codon after 46 amino acids ( Figure 1A) . The CENH3 histone fold domain contains sequences essential for centromere localization and for kinetochore function (BLACK et al. 2007b; KEITH et al. 1999; LERMONTOVA et al. 2006; SULLIVAN et al. 1994; VERMAAK et al. 2002) . As the histone-fold domain of A. thaliana CENH3 begins at amino acid 82, we believe that cenh3-1 is a null mutation.
We isolated cenh3-1 in tetraploid plants, which can be converted into diploids via two sequential genetic crosses ( Figure 1B ) (HENRY et al. 2009 ). Crossing a tetraploid to a diploid yields triploid offspring. Meiosis in triploids produces gametes with a range of chromosome numbers ranging from haploid (5 in A. thaliana) to diploid (10 in A. thaliana). Crossing a triploid to a diploid gives progeny with a range of chromosome numbers, but about 30% are true diploids. If a mutant allele can be passed from a triploid parent to a diploid offspring in such a cross, it must transmitted through a haploid gametophyte. We created cenh3-1/CENH3 heterozygous diploids by crossing a cenh3-1-containing triploid to a wild-type diploid in both directions. Therefore, the cenh3-1 null allele can be transmitted through both male and female gametophyte lineages, indicating that either gametophyte can function without a wild-type CENH3 gene.
Plants heterozygous for the cenh3-1 allele were phenotypically indistinguishable from wild type.
However, siliques from heterozygous cenh3-1/ CENH3 plants contained ¼ dead seeds (124/508 dead seeds, from 11 siliques) ( Figure 1C ), and progeny of these plants contained approximately 1/3 CENH3/CENH3 homozygotes and 2/3 cenh3-1/CENH3 heterozygotes ( Figure 1D ). cenh3-1 homozygotes were never isolated. Taken together, the above observations indicated that cenh3-1 causes zygotic lethality. To understand the nature of embryo lethality, we examined the time course of embryogenesis by optical clearing of fertilized ovules from a heterozygous plant.
cenh3-1 homozygous embryos did not develop beyond the mid-globular stage, and arrested at this stage when presumed CENH3/CENH3 and cenh3-1/CENH3 seeds from the same silique had progressed to later stages of embryogenesis ( Figure 1E ). This is a common arrest point for many
A. thaliana embryo-lethal mutations. Several cell divisions must take place after fertilization in cenh3-1/cenh3-1 homozygous mutant embryos, as they arrest at the multicellular mid-globular stage. However, persistence of either maternal CENH3 mRNA or CENH3 protein are likely to provide residual kinetochore function until failure of chromosome segregation results in the observed lethality. CENH3 loaded into paternal chromosomes has been shown to persist through multiple cell divisions in the endosperm after fertilization (INGOUFF et al. 2007 ).
To confirm that embryonic lethality was caused by the cenh3-1 mutation, we transformed cenh3-1/CENH3 heterozygotes with a genomic DNA fragment spanning nucleotides -1489 to 2200 of CENH3. In the T1 generation, 13/59 transformed plants were homozygous for the cenh3-1 mutation, indicating that embryo lethality can be rescued by a CENH3 transgene (Table 1 ). In summary, Arabidopsis thaliana cenh3-1 is a presumed null mutation that allows us to completely replace endogenous CENH3 in an organism with large tandem repeat-based centromeres. (Table 1) .
GFP-tagged
Genotyping results from T1 plants showed statistically significant differences from expected values for full complementation, using the X 2 test. In cenh3-1/CENH3 T1s expressing a GFP-CENH3 transgene, embryo lethality in the siliques would be expected to range from 25%
(signifying lack of complementation in the T2 generation) to 6.25% (consistent with full complementation in the T2 generation by a single locus insertion; multiple loci may further reduce embryo lethality). Some cenh3-1/CENH3 GFP-CENH3/+ transgenic plants (2/9 T1 individuals) showed seed lethality close to 25%, indicating that these transgenes failed to complement.
Reduced complementation frequency by GFP-CENH3 relative to CENH3 shows that the tag may affect centromere function in a subtle manner. This is consistent with chromosome missegregation seen when chromosomes containing GFP-tagged CENH3 are mixed with wildtype chromosomes in a GFP-CENH3 x wild type cross. The entire GFP-CENH3 derived genome is eliminated from the zygote in some F1 individuals, and ~ 40% of the developing seeds from the cross show abortion (RAVI and CHAN 2010) . Despite these observations, cenh3-1 homozygotes rescued by GFP-CENH3 were phenotypically indistinguishable from WT, and had a full seed set on self fertilization (Figure 2A and 2C ). One such GFP-CENH3 complemented line has been stably propagated at least for 3 successive generations without any observable phenotype. GFP fluorescence at kinetochores was observed in all phases of the cell cycle in these plants ( Figure 2B ). Ten kinetochores were labeled in interphase, whereas twenty individual kinetochores could be visualized in mitotic cells.
Mouse CENP-A/CENH3 tagged with GFP at its C-terminus is only partially functional, because a cenpa -/-mouse rescued by Cenpa-GFP survives only until embryonic day 10.5 (an N-terminal GFP tag on CENP-A was not tested in mouse) (KALITSIS et al. 2003) . A. thaliana cenh3-1 GFP-CENH3 plants have a wild-type growth phenotype. Therefore, we can use an N-terminal GFPtag to assay kinetochore localization without grossly disrupting the ability of CENH3 to complement a null mutation.
The CENH3 histone-fold domain controls kinetochore localization, but rescue of cenh3-1 mitotic chromosome segregation by CENH3 transgenes requires an N-terminal histone tail.
To determine which regions of CENH3 confer centromere localization and kinetochore function, we generated chimeric proteins that combined domains of CENH3 and H3.3 (we chose H3.3 because it can be incorporated into chromatin independently of DNA replication, and have not tested chimeras between CENH3 and H3.1) (AHMAD and HENIKOFF 2002) . These proteins were expressed as fusion proteins with an N-terminal GFP using the endogenous CENH3 promoter and terminator, and transformed into cenh3-1/CENH3 plants (Figure 3) . We assayed kinetochore localization in T1 transformants by GFP fluorescence, and genotyped for the presence of cenh3-1 homozygotes among transformed plants. If cenh3-1 homozygotes were not detected, we counted the frequency of seed lethality in cenh3-1/CENH3 T1 plants that were hemizygous for the CENH3 transgene, to determine whether the transgene could complement embryonic lethality of
cenh3-1.
Previous results have indicated that the CENH3 histone-fold domain controls kinetochore localization (BLACK et al. 2007b; LERMONTOVA et al. 2006; SULLIVAN et al. 1994) . We confirmed that the CENH3 N-terminal tail domain fused to the H3.3 C-terminal histone-fold domain did not localize to kinetochores (Figure 3) . In contrast, a protein containing the H3.3 tail domain and the CENH3 histone fold domain (termed GFP-tailswap) showed kinetochore GFP fluorescence. GFP-tailswap rescued the embryo-lethal phenotype of cenh3-1 (previously described in (RAVI and CHAN 2010), although complemented cenh3-1 homozygotes were not isolated in the T1 generation, and only a subset of cenh3-1/CENH3 transformants showed complementation when T2 progeny were analyzed. GFP-tailswap complemented plants had misshapen rosette leaves, and shorter internodes ( Figure 2C and 2D ). This vegetative phenotype varied in penetrance and expressivity. Despite the altered vegetative growth of cenh3-1 GFP-tailswap plants, we inspected a total of >500 somatic nuclei from floral tissues (from 3 independent transformants) using centromere DNA FISH and did not detect aneuploidy ( Figure   2E ). In the absence of obvious aneuploidy, developmental perturbations in cenh3-1 GFPtailswap may arise from altered cell cycle timing or from defects in asymmetric cell division.
Although chromosome segregation in GFP-tailswap is accurate, the protein must be significantly less functional than native CENH3, because it induces a dramatic level of chromosome missegregation and seed abortion when GFP-tailswap containing chromosomes mix with wildtype chromosomes after a cross (RAVI and CHAN 2010) . Interestingly, cenh3-1 GFP-tailswap plants were mostly sterile (irrespective of the penetrance of their vegetative phenotype)
suggesting that this transgene is functional in mitosis, but not in meiosis ( Figure 2D ). We are currently investigating the nature of sterility caused by GFP-tailswap.
As the N-terminal tail of CENH3 can be replaced with the H3.3 tail, we deleted the tail in the context of a GFP-tagged transgenic protein, and in a transgene without a GFP tag (Figure 3 ). The GFP-tagged protein localized to kinetochores, albeit more weakly than full-length GFP-tagged CENH3. Neither transgene rescued embryonic lethality of cenh3-1, based on the percentage of seed lethality (~25%) in T1 plants. Furthermore, we genotyped 24 T2 progeny from a cenh3-1/CENH3 individual containing a GFP-tagged tail-deleted CENH3 transgene, and did not find any cenh3-1/cenh3-1 progeny. This shows that CENH3 requires a tail domain of some kindeither the CENH3 tail or the H3.3 tail -in order to nucleate a functional kinetochore in mitosis.
In S. cerevisiae, the N-terminal tail of Cse4p/CENH3 contains an essential domain, but a Cse4 protein completely lacking the tail (cse4Δ129) can complement a deletion mutant if overexpressed from the GAL1 promoter in an integrated transgene (MOREY et al. 2004 ). We created a "tailswap" Cse4p by replacing the endogenous tail domain with the S. cerevisiae H3 tail (Figure 4 ). Wild-type CSE4 complemented a cse4Δ mutant when expressed from a high copy 2µM plasmid, but cse4-tailswap and cse4Δ129 did not (in contrast to previous studies, we expressed cse4Δ129 from the native CSE4 promoter, albeit from a high copy plasmid). This result shows that S. cerevisiae Cse4p differs from A. thaliana CENH3, in that the essential function of the tail domain cannot be replaced by the H3 tail. arenosa chromosomes in the allopolyploid species A. suecica (TALBERT et al. 2002) . Brassica rapa (Napa cabbage) is more distantly related to A. thaliana, but still within the Brassicaceae family. Transgenics expressing Brassica rapa GFP-CENH3 showed kinetochore GFP fluorescence comparable to that seen with A. thaliana GFP-CENH3 (Figure 6 ). However, we did not find cenh3-1 homozygotes among transformed plants, and seed lethality in cenh3-1/CENH3
Introducing the CENP-
T1 plants indicated that this protein did not rescue embryonic lethality (Figure 7 ). This result is illuminating because it clearly uncouples kinetochore localization (in the presence of wild-type endogenous CENH3) from the ability to support chromosome segregation in the absence of endogenous CENH3. As the N-terminal tail of CENH3 can be replaced with the H3.3 tail, histone-fold domain changes are likely to explain why B. rapa CENH3 is functionally different from A. thaliana and A. arenosa CENH3s. There are 13 amino acids in the histone-fold domain at which B. rapa CENH3 differs from both Arabidopsis CENH3s, of which 9 are in the CATD.
The more distantly related CENH3 from maize (Zea mays) localized to A. thaliana kinetochores when tagged with GFP ( Figure 6 ). As expected based on B. rapa results, maize GFP-CENH3 failed to rescue embryonic lethality (Figure 7) . A previous report stated that rice CENH3 did not localize to A. thaliana kinetochores when tagged with a C-terminal GFP and expressed in cultured cells (NAGAKI et al. 2010) . However, our results suggest that CENH3s from some grass species may be able to target correctly in the presence of the native A. thaliana CENH3, but are not functionally competent in the absence of native CENH3. GFP-CENH3 proteins from human (CENP-A), Saccharomyces cerevisiae (Cse4p) and Caenorhabditis elegans (HCP-3) failed to localize to kinetochores in A. thaliana (Figure 6 ), and were not tested for complementation. We infer that animal and fungal CENH3s cannot be recruited to A. thaliana kinetochores by the endogenous cellular machinery, or are unable to be maintained there.
DISCUSSION
With the isolation of cenh3-1, we have established Arabidopsis thaliana as a genetic model for studying CENH3 in the context of large tandem repeat centromeres. Some of our results differ from published data in other experimental systems. These differences may result from organismspecific features of CENH3 biology, particularly because yeast centromeres are much smaller than those in animals and plants. However, differences between our findings and those in animal cells may also reflect the ability of A. thaliana genetics to completely replace native CENH3
with transgenic proteins expressed using the endogenous CENH3 promoter.
We have previously shown that GFP-CENH3 is not functionally equivalent to native CENH3, because a GFP-CENH3 x wild type cross induces chromosome missegregation when the two chromosome sets mix in the fertilized zygote (RAVI and CHAN 2010 The function of the fast-evolving N-terminal tail domain of CENH3 is enigmatic. A truncated tail-less CENH3 is localized to kinetochores but cannot rescue embryo lethality of cenh3-1.
However, the CENH3 tail may be replaced with the H3.3 tail (which has a virtually unrelated sequence) during mitosis. The hypervariable nature of the tail domain might suggest coevolution with rapidly changing centromere DNA sequences, although demonstrating such an interaction biochemically is challenging within the context of CENH3 nucleosomes. Our finding that a histone tail domain of some type is required for CENH3 mitotic function is analogous to results from S. cerevisiae, in which the tail of Cse4p is essential at native expression levels (although we have shown here that the Cse4p tail cannot be replaced by the H3 tail). Although mitosis can be rescued in cenh3-1 plants expressing GFP-tailswap, these plants are sterile. The specific role of the CENH3 tail domain in meiosis will be an intriguing topic for future study.
A major conclusion from our work is that CENH3 from a heterologous species must be closely related to A. thaliana CENH3 for functional complementation, although CENH3 from somewhat more distantly related species is targeted to kinetochores. This has been shown for fungal
CENH3s (BAKER and ROGERS 2006) , but it is important to confirm this property for an organism with large tandem repeat centromeres that are likely specified epigenetically, rather than by sequence-specific DNA binding proteins. A previous study using plant tissue culture cells found that CENH3 from tobacco (Nicotiana tabacum) could localize to A. thaliana kinetochores when tagged at its C-termini with GFP and expressed from the strong constitutive 35S promoter (NAGAKI et al. 2010) . Similar results were seen when A. thaliana CENH3 fusion proteins were expressed in cultured tobacco cells (KURIHARA et al. 2008; NAGAKI et al. 2010) . Importantly, our results show that kinetochore localization in the presence of endogenous CENH3 (such as that seen with B. rapa GFP-CENH3) does not necessarily reflect functional complementation. B.
rapa GFP-CENH3 may have difficulty localizing to kinetochores when endogenous CENH3 is removed, or may fail to interact with A. thaliana kinetochore proteins even if it localizes correctly. Our results emphasize that genetic analysis in a cenh3 mutant background is important for truly assessing whether a given CENH3 protein can function in a heterologous organism. We were surprised by the finding that the CATD swap into H3 did not confer CENH3 function, and by the result that a B. rapa GFP-CENH3 did not complement cenh3-1. These data may reflect a greater overall stringency in the A. thaliana cellular machinery that recruits CENH3 to kinetochores and/or its function in nucleating assembly of kinetochore proteins. Alternatively, the residual wild-type CENH3 present in human cell experiments may have been functionally significant in allowing H3-CATD and CENH3s from distantly related organisms to restore normal chromosome segregation.
Rapid evolution of CENH3 has been suggested to compensate for changes in centromere DNA that might result in unequal binding to spindle microtubules of centromere DNA variants . The fact that complementation of A. thaliana cenh3-1 requires a CENH3
protein from a closely related species makes the plant ideal for studying the functional implications of rapid CENH3 evolution both in mitosis and in meiosis. to cenh3-1/CENH3 progeny is consistent with embryonic lethality of cenh3-1.
E. cenh3-1/cenh3-1 embryos arrest at the mid-globular stage. Developing seeds in the top and bottom rows were both from cenh3-1/CENH3 siliques. Embryos for each column were fixed at equivalent times after fertilization (labels describe the wild type developmental stages). High copy 2µm plasmids containing the indicated proteins controlled by the CSE4 promoter were introduced into a S. cerevisiae cse4/CSE4 strain. Following sporulation, tetrads contained either four viable colonies (complementation) or two viable colonies (non-complementation). Transformed plants born from cenh3-1/CENH3 T0 parents were genotyped at the endogenous CENH3 locus in the T1 generation. CENH3 transgenics were selected using either Basta (pCAMBIA3300) or Hygromycin (pCAMBIA1300). cenh3-1/CENH3 GFP-tailswap/+ plants that yielded cenh3-1 homozygous progeny in the T2 generation were selected based on their lower seed lethality in the T1 generation. P values were calculated using the Χ 2 distribution, with complementation as the null hypothesis. * These plants were the progeny of T1 cenh3-1/CENH3 GFP-tailswap/+ plants that showed 6-25% seed lethality.
